Real-time monitoring of a diaper is a key component in preventing skin rashes and skin eruption in babies. In this paper, we investigate the feasibility of sensing the urine and feces of a baby on a diaper using the input impedance variation of a single on-diaper antenna. As an RF transmitter requires an antenna by default, other sensors are not needed if the antenna also serves as a sensor. We designed a microstrip dipole antenna and located it on a diaper. When a change of medium properties around the antenna occurs due to the presence of urine or feces, the near field is perturbed, causing a variation in antenna impedance. We simulated and measured antenna impedance under diverse diaper conditions. Results showed significant impedance variation depending on diaper condition. The impedance is approximated as a rational function and the diaper condition is classified through investigating the parameter of the rational function.
I. INTRODUCTION
The most common contact dermatitis in babies involves skin rashes and skin eruption, also referred to as diaper rash. The main cause of diaper rash is leaving a wet or dirty diaper on a baby for an extended period. As urine and feces consist of chemicals such as hydrogen sulfide, carbon dioxide, hydrogen, methanethiol, sulfur ammonia and water, direct longterm contact with these acidic compounds can cause skin rashes and irritation. Timely detection of urine and feces on a diaper is a basic but primary step to prevent those symptoms in babies. In addition, discerning the defecation pattern of a baby through monitoring the frequency and amount of excretions can be critical for successful potty training. This defecation pattern can also provide pediatricians valuable information for diagnosing dehydration, constipation, pancystitis, and more. Therefore, it is important to monitor the condition of a diaper in real time and in a convenient manner [1] , [2] .
With the proliferation of wireless sensor technology, the idea of a smart diaper has been suggested for the purpose of detecting urine on the diaper using humidity, thermal, and
The associate editor coordinating the review of this manuscript and approving it for publication was Kai Lu . electrochemical sensors to analyze chemicals and temperature variation [3] , [5] . An RFID system has been implemented to detect urine with an inductive resonating tag attached to a diaper [4] , [6] . Multiple conductor wires have also been used in a diaper to sense urine, which alters the conductivity between two conductor wires [7] . Most smart diaper designs require using both sensors to detect urine and antennas to send the diaper condition wirelessly like Wi-Fi or Bluetooth to the handheld device of the user.
In this paper, we investigate the feasibility of sensing urine and feces on a baby diaper using the input impedance variation of a single on-diaper antenna that is used for the wireless communication purposes. We rely on the fact that antenna input impedance is strongly dependent upon the electromagnetic characteristics of the medium near the antenna. Since the change of medium around the antenna perturbs its near fields, urine and/or feces can introduce variations in antenna impedance. A similar impedance variation approach has been investigated for monitoring human motion activities [8] , [9] . Our proposed wet diaper detection approach is different from previous works since it enables ''dual-use'' of an on-diaper antenna for both sensing and transmitting purposes. The use of additional physical sensors is not required, which can reduce system complexity, power consumption and cost. VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Using a full-wave electromagnetic simulation tool, we studied antenna impedance variation with frequency in four scenarios: free space, antenna on dry diaper, antenna on wet diaper with urine, and antenna on wet diaper with feces. Using a fabricated antenna prototype, we also measured the antenna impedance variation for diverse diaper conditions and compared measurement results to the observations taken from simulation. Then, we simulated the antenna input impedance variation with diaper conditions when the diaper was attached to a baby phantom to confirm the feasibility of the technique. To classify the condition of the diaper, we suggest approximating the impedance with frequency using a pole model because a resonant structure is well modeled by a pole function through the singularity expansion method [10] . The pole parameters are estimated for the best description of the impedance and the diaper condition is determined through investigating the variation of parameters of pole model. This paper is organized as follows. Section 2 describes the antenna design and simulation with diverse diaper condition. Section 3 presents the measurement results. Section 4 discusses the effect of a baby phantom. Section 5 introduces the pole model and its classification results. Section 6 summarizes the study.
II. MICROSTRIP ANTENNA DESIGN AND SIMULATION
The theory behind our research work is related to antenna field perturbation. As the dielectric properties of medium around the antenna changes, the radiated field from the antenna is perturbed and its input resistance will change based on the following equation:
where R in is the antenna input resistance, I is the input current, and E and H are the electric and magnetic fields, respectively. Similarly, the input reactance of the antenna will also change as the medium properties around the antenna changes. To utilize this property, we design a simple planar dipole antenna and investigate its resistance and reactance variation depending on the nearby medium changes. First, we designed a planar dipole antenna to examine the feasibility of using it to monitor diaper condition. A planar dipole antenna is selected given its omnidirectional radiation property, which can not only transmit signals outward for communication purposes but sense urination/feces effects inward. The dimensions of the designed antenna were length 3.0 cm and width 1.2 cm with a resonant frequency of 2.45 GHz. The size of the substrate of FR4 material was 7.0 cm by 3.0 cm by 0.16 cm. The antenna shape and the simulated antenna reflection coefficient are shown in Fig. 1 . The simulations were performed in free space using a fullwave simulation software FEKO.
Next, a three-layer electromagnetic simulation model for a diaper was created in FEKO. While the bottom and top sheet of the diaper were comprised of polypropylene, the mid- dle layer consisted of super-absorbent polymer (SAP). Since FEKO has a multi-layered dielectric feature that can be implemented in a more time-efficient way, we used it to simulate our three layers of diaper. Fig. 2 shows the three-layered structure (even though it looks like a single layer in CAD) and the antenna placement at the bottom of the diaper for the FEKO simulation. We assume that there is a minimum separation of 2 mm between the antenna and diaper in our simulation as the antenna is designed to be placed on the diaper. Antenna input impedance was simulated using the method of moments (MoM) from 2.0 GHz to 3.0 GHz. Dipole antenna impedance was simulated under four different scenarios: (i) antenna in free space, (ii) antenna on a dry diaper, (iii) antenna on a wet diaper with urine, and (iv) antenna on a wet diaper with feces. For each case, it was necessary to use different dielectric constants and conductance for the SAP layer. Therefore, a preliminary step involved identifying the electromagnetic properties of diaper materials, urine, and feces. These values are shown in Table 1 [11]- [19] . The dielectric constant and conductivity of urine and feces varied with the composition, a function of food and metabolism. When a diaper is contaminated by urine, the dielectric constant and conductance of the SAP layer change due to the mixture of SAP and urine. Furthermore, the conductivity of SAP changes non-linearly when treated with urine. Calculations here assume a urine volume of 50 ml, which is the approximate volume of dry SAP. The dielectric constant and conductance of urine used were 13 and 1.5 S/m. In simulating feces on the diaper, the assumed feces weight was 125 g. The simulation used 3 and 24 S/m for relative permittivity and conductivity, respectively. Simulation results are displayed in From Fig. 3 , it is possible to observe a significant impedance variation depending on the diaper condition. This is because the medium change around the antenna altered the radiation resistance, loss resistance, and reactance of the antenna. In particular, the impedance at the operating frequency is revealing. The input impedance of the antenna in free space was 52.80 + j2.70 ohm, while the impedance was 54.90 + j1.95 ohm with a dry diaper at a frequency of 2.45 GHz. When the wet diaper with urine was simulated, the impedance changed to 76.30 + j50.00 ohm. For the diaper with feces, an impedance of 67.00 + j24.55 ohm was observed. Therefore, the condition of the diaper could be estimated by observing the impedance change of the operating frequency only.
It should be pointed out that while the impedance variation is large enough for detection of urine and feces, the reflection coefficient of the antenna remains below −10dB in the ISM band close to 2.45 GHz. Therefore, the wireless communication will not be cut off due to the antenna mismatch effect. However, the radiation efficiency of the on-diaper antenna indeed drops since the antenna is now in conjunction with lossy medium, as shown in the simulated gain plots of Fig. 4 . 
III. MEASUREMENT
A prototype of the designed dipole antenna is also implemented on a 1.6mm FR4 substrate of which dielectric constant is 3.4. The picture of the antenna is shown in Fig. 5 . This antenna is attached to a diaper and its impedance has been measured by a vector network analyzer from 2 to 3 GHz under the same four scenarios in our simulations.
The measurement results are shown in Fig. 6 . Overall, we can observe that the similar trend of impedance variation with the simulation results, except for the reactance of diaper with feces. The simulation results show larger variation as compared to measurements because it is almost impossible to use the true electromagnetic properties for the urine and feces. Their property varies depending on diet of a human subject. In addition, the discrepancy in feces shape in simulation and measurement can be another reason for difference in impedance variation. However, it should be noted that the measurement results also show that the impedance variation depending on the diaper condition is quite noticeable.
Furthermore, the volume and weight of urine and feces are varied for a parametric study. Fig. 7 (a) and (b) show the resistance and reactance variation for different volumes of urine (0 gram to 50 gram), and Fig. 8 (a) and (b) show the resistance and reactance variation for different weights of feces (0 gram to 125 gram). Overall, the resonant frequencies of the dipole antenna shift lower with increasing urine or feces volume since the effective permittivity increases. From the measured results, we can observe noticeable impedance variation from when urine is more than 20g or feces is more than 6g respectively.
Further investigation explored the effect of operating frequency. Another planar dipole antenna operating in an ISM band of 5.8 GHz was designed and implemented. Because the range of the near field shrank as the frequency increased, it was observed that the antenna impedance variation was minimal, making it challenging to detect the diaper condition. Therefore, using a lower frequency promises to provide a significantly larger variation in antenna input impedance. 
IV. EFFECT OF HUMAN MODEL
It is also necessary to investigate the effect of a baby's body on antenna impedance because the diaper will be worn by a baby. The simulation setup using a baby model is shown in Fig. 9 . We used a human phantom model in FEKO to simulate the same four scenarios; the results are shown in Fig. 10 . It is observed that the phantom did not affect the impedance significantly. This is because the most of the phantom's parts were located outside the near field. Fig. 10 indicates significant changes in impedance due to urine or feces, and thus, detection would be feasible when the diaper is worn by a baby.
However, it was not possible to measure the influence of a physical baby due to safety issues as the potential hazard of electromagnetic radiation remains controversial even though the transmitting power used (-10dBm) in Section III was within the limits of FCC regulation. Because the simulation and measurement results are quite similar to those in Section III, the phantom simulation results reveal the effects of a human body. 
V. DETECTION METHOD USING A RATIONAL FUNCTION
Finally, we propose to approximate the impedance with frequency using a rational function, which is a summation of pole models, and use the estimated pole model parameters for the classification of diaper conditions. The pole function has been widely used in electromagentics to model a resonance phenomenon [20] . Because a dipole antenna operates at its resonant frequency, it is reasonable to model the antenna impedance over frequency using a rational function as shown in the following equation:
The minimum model orders p and q of the rational function are determined empirically to maintain the low least mean square error. There are several methods developed for the estimation of the parameters of the rational function. The Cauchy method has been employed since this is a narrow frequency band antenna. The Cauchy method estimates the parameters in the sense of the least mean square error [21] .
We have applied the Cauchy method to the impedance samples measured at a frequency interval of every 100MHz, as shown in Fig. 11 . The measurement data was collected when the weight of feces is 125g. The optimum p and q are found to be 3 and 4, respectively. The parameters of the rational function are estimated and shown in the last row of Table 2 (b). b 4 is set to 1 since the rational function is normalized. The resulting example of approximation is presented in Fig. 11 . The percentage mean square error is 2.71%, which represents an accurate approximation.
We also compare the pole model parameters for different diaper conditions. As seen from Table 2 , the b 0 , b 1 , and b 2 move gradually with the increase of the amount of urine and feces. If a number of datasets are measured, which describes the relationship between the rational function coefficients and diaper condition, a machine learning algorithm can be incorporated as a classifier. The trained classifier will be able to infer the condition of the diaper by observing the parameters rather than investigating the whole frequency response.
We should consider the case where urine and feces exist simultaneously. In this case, the antenna impedance will be significantly different from the dry diaper case. Therefore, we can detect that a diaper is wet, which required to change it whether it is a feces or urine.
VI. IMPEDANCE DETECTION CIRCUIT
An implementation of a simple RF circuit to detect the impedance variation is required to make this application practical. The antenna input impedance can be retrieved from the antenna reflection coefficient. The magnitude of the antenna reflection coefficient can be readily measured using a coupler structure, as reported in [22] . The reflection coefficient is determined by magnitudes and phases of the incident wave and the reflected wave. First it is essential to separate the incident wave and the reflected wave, which can be achieved by using a directional coupler because it has high directivity and high reverse isolation. This coupler has already been implemented in most wireless communication system transmitter. By comparing the magnitude of reflected signal and the transmitted signal at the forward coupled port of the coupler, the magnitude of antenna reflection coefficient can be readily computed. For the phase measurement, a double balanced mixer (DBM) can be used to detect the phase of the reflection coefficient [23] . The DBM consists of four diodes to implement high non-linearity. The output of DBM is a DC voltage that is proportional to the phase difference. A low-cost microprocessor that includes a low speed A/D converter can be employed to determine the phase of reflection coefficients. The block diagram of the suggested system with impedance detection circuits is shown in Fig. 12 . 
VII. CONCLUSION
In this study, we investigated the feasibility of using antenna impedance variation to detect diaper condition. Simulations with experimental results showed that the impedance variations of the antenna with wet diaper and feces were significantly different, proving the potential of monitoring a diaper using an antenna. Based on the simulation results, the effect of a phantom was not critical. A rational function model was applied to model the antenna impedance and its estimated model parameters can be used to classify diaper conditions. However, a few points remain to be addressed. It should be also noted that the antenna impedance will also be varied by the hand and leg position and the posture of a baby. Therefore, it is necessary to use a classification algorithm to recognize the existence of urine or feces against other variables that may affect the impedance through observing the time-history of impedance.
In addition, the potential harms in terms of toxicology and allergology should be thoroughly tested for the practical use of this system even though the antenna will be attached to the outer surface of the diaper and the antenna will be coated by safe water-proof materials.
